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MERCURY EXPOSURE: MEDICAL AND PUBLIC
HEALTH ISSUES

KATHRYN R. MAHAFFEY

WASHINGTON, DC

ABSTRACT

Mercury exposure is widespread in the United States with methylmercury
as the predominant chemical species and fish and shellfish as the source. Use
of more advanced diagnostic techniques and application of population-based
risk assessment methodologies have assisted in addressing the impact of
mercury exposure on the United States population. Biomonitoring, particu-
larly through analyses of blood mercury, provides both population-based
data and exposure information that can be informative for physicians. Data
from the National Health and Nutrition Examination Survey (NHANES)
beginning in 1999 provide population-based exposure estimates for United
States overall. Methylmercury exposures among women of childbearing age
are of particular concern because of methylmercury’s developmental neuro-
toxicity. Exposures of concern among women are estimated to occur in
between �6% to 8% of the 16-to-49-year-old age group based on data from
NHANES; and in �15% of this age and sex group if physiological factors such
as the degree of transplacental transport of methylmercury are taken into
consideration. Subgroups with high fish consumption (e.g., many island and
coastal populations, some persons of Asian ethnicity, some individuals fol-
lowing “healthy” diets) can have methylmercury exposures substantially
higher than those reported among the NHANES examinees. These subpopu-
lations are not likely to be aware of their blood mercury concentrations or the
possible health outcomes associated with such high blood mercury levels.
The American Medical Association has adopted policies that express con-
cerns about methylmercury exposure, and advise patient education. Non-
neurological risks for adults associated with methylmercury, including the
potential for adverse cardiac outcomes, have not yet been incorporated into
risk assessments.

Introduction

Virtually everyone is exposed to mercury and their tissues contain
mercury residues at some concentration. Typical exposures in the
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United States result from mercury in fish and shellfish, mercury
released from dental amalgams and occasionally from exposures sec-
ondary to mercury in pharmaceutical products (1,2). Some adults are
exposed occupationally to mercury vapors. Occupational exposures to
inorganic mercury in the felt hat industry in the United States were
thoroughly described by the United States Public Health Service in the
1930s and 1940s. The renal and neurological effects and exposures
associated with these effects among workers in the chloralkali industry
were well described by Smith (3). Many physicians will remember
seeing striking photographs of people with mercury poisoning in Japan
(i.e., from Minamata and Niigata, Japan) in the 1960s (4). Others will
remember the major outbreak in Iraq in the early 1970s (5) that
resulted in the deaths of many hundreds of persons. The actual num-
bers are unknown because relatively few died in hospital. Through
combined medical, public health, and legal actions the most extreme
exposures to inorganic mercury, mercury vapors, and methylmercury
have largely been brought under control. It is, nonetheless, important
to recognize that fatalities following mercury exposure still occur in the
United States (6). These high exposures represent the tip of the iceberg
of a far broader, less intense, exposure pattern that is distributed
across the United States population (7,8). The intensity of exposure is
determined by food habits (fish consuming or not), presence of mercu-
ry-containing dental amalgams, occupation, and habits/hobbies (2).
Fortunately fairly simple and relatively inexpensive methods are
available to determine patients’ exposure levels.

Medical concern and awareness of the need to reduce overall expo-
sures to methylmercury was expressed in a policy statement issued by
the American Medical Association (9) in 2004. The recommendations
focused on improved monitoring patients’ exposures to mercury
through blood, hair, or urine mercury measurements; promoting test-
ing fish for their mercury content; making data available on sources of
mercury; and promoting patient education.

Fate and Transport of Mercury in the Environment

There is an extensive complex literature on the biogeochemistry
describing the fate and transport of mercury in the environment. A
brief description is provided. Mercury is widely distributed around the
earth. One of the elements on the Periodic Table, mercury cannot be
destroyed; the total amount on the planet will always be the same.
Mercury cycles in the environment as a result of natural phenomena
and human activities [for reviews see U.S. EPA’s Mercury Study Re-
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port to Congress (10); Pirrone (11)]. Natural phenomena such as vol-
canoes cause mercury to be released in the air. Mercury has been
widely used in industrial processes because of its chemical and phys-
ical properties (for example, it conducts electricity, it response to
temperature and pressure changes, and it forms alloys with many
metals). Industrial processes and combustion of mercury-containing
wastes and fuels also release mercury.

Mercury that is released into the air is mercury vapor or inorganic
mercury. Once in the atmosphere as a gas ultimately it is redeposited
on the earth with precipitation. Once on the earth or in the waterways,
it is incorporated into sludges or sediments, where it is methylated.
The plant and sedimentary materials containing methylmercury are
consumed by small fish that are consumed by progressively larger fish
and finally by humans. During the course of this progression a great
increase in concentration occurs—known as bioaccumulation. This
increase can result in concentrations of methylmercury in fish tissues
that are hundreds of thousands of times higher than the levels of
inorganic mercury in the water (1).

Humans are exposed to methylmercury because they consume fish
and shellfish. Predators at the top of the aquatic food web generally
have higher mercury concentration than those lower in the food web.
Fish such as shark, large tuna, sword fish, marlin, king mackerel
contain methylmercury at concentrations that are 10-to-20 times
higher than fish such as herring, cod, pollack, and shellfish such as
shrimp or scallops (12). In the United States about 95% of ingested
methylmercury comes from the consumption of fish and other seafood
(12).

Chemical Species of Mercury Exposure in the United States

Before presenting our data on biomarkers of blood and hair mercury
concentrations from the National Health and Nutrition Examination
Survey (NHANES), a brief overview of the biomarkers of mercury
exposure is provided. Chemical analyses of body fluids and tissues
provide an indication of the patient’s exposure profile including chem-
ical species of mercury. Whole blood, urine, and hair (the tissues
typically analyzed to determine their mercury concentration to provide
biomarkers of exposure) provide different information regarding chem-
ical form and duration of mercury exposure. For example, blood mer-
cury concentration (typically used to indicate exposure to organic mer-
cury) is always dominated by methylmercury. Urinary mercury level is
an indicator of exposure to inorganic mercury. Hair mercury is domi-
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nated by exposure to methylmercury. Because mercury can deposit on
hair from surface contamination, total mercury content of hair may not
be a reflection of mercury excreted from the body, but may be domi-
nated by mercury from surface contamination. In depth review articles
on this topic include those by Risher et al. (13) and Mason et al. (14).

Organic Mercury

In the United States when total blood mercury exceeded �4 �g/L
more than 90% of mercury present was organic mercury (i.e., methyl-
mercury) based on data from children ages 1 through 6 years and adult
women who participated during the years 1999 and 2000 in the Na-
tional Health and Nutrition Examination Survey (NHANES) (8). This
survey (NHANES) is a population-based survey which utilizes census
data to identify subjects who undergo intense medical evaluation in-
cluding biochemical assessment for exposure to a very large number of
environmental contaminants not typically determined in routine med-
ical evaluation. When appropriately treated statistically these data
provide estimates for their subgroup of the United States population.
In the years 1999 through 2001 NHANES determined mercury expo-
sures only for children age 6 and younger and adult women ages 16
through 46 years (7). Males and females in other age groups did not
have mercury analyses determined on their tissue samples during
these years. The source of organic mercury for the general population
is methylmercury from the consumption of fish and shellfish (8,12).

Inorganic Mercury

Blood inorganic mercury concentrations have been used to detect
acute, high dose exposures. For chronic, low-to-moderate inorganic
mercury exposure, urinary mercury concentration is the preferred
method for assessing inorganic mercury exposure (14). Health risks
associated with various values are discussed elsewhere in this article.
The half-life of inorganic mercury in blood is about three days based on
experimental studies with radio-labelled mercury (15). A second,
slower half-life of about two-to-three weeks has been indicated based
on studies in chloralkali workers whose exposures were terminated
(16). Urinary mercury levels are used to monitor sustained exposure to
inorganic mercury.

Mercury Vapor

Exposure to mercury vapor is usually associated with occupational
exposures, accidental exposures (6,17), and some bizarre “recreational”
exposure have been identified (18). These can be highly dangerous and

130 KATHRYN R. MAHAFFEY



life-threatening. Once inside the lungs mercury is oxidized forming
Hg(II) complexes which are soluble in many body fluids. The half-time
of Hg in blood absorbed as a vapor is 2-to-4 days after which 90% is
excreted through urine and feces followed by a second phase with a
half-time of 15–30 days (19). Between passage of elemental mercury
through the alveolar membrane and complete oxidation, mercury ac-
cumulates in the central nervous system. During this process mercury
can irreversibly damage the central nervous system. At exposures of
moderate duration, the kidneys are also affected. Short-term exposure
to high levels of mercury vapor produces chest pain, dyspnea, cough
impaired pulmonary function, interstitial pneumonitis (19). Occupa-
tional exposures to mercury vapor have caused psychiatric symptoms,
hallucinations, erethism (exaggerated emotional responses) insomnia,
and muscular tremors (19).

Biological Media Used to Detect Mercury Exposure

Blood Mercury Concentrations

If blood mercury concentrations are under about 4 �g/L mercury
exposures are like to combined inorganic mercury and methylmercury
(8,20). The relative contribution of methylmercury from fish consump-
tion or inorganic mercury from dental amalgams determines whether
organic mercury or inorganic mercury dominates. If blood total mer-
cury exceeds about 4 �g/L more than 90% of mercury present in the
blood of adult women in a sample representative of the U.S. population
was organic mercury (i.e., methylmercury) representing mercury from
fish consumption.

After the reference range for blood mercury for the general popula-
tion became available (based on publication (7,8) of data for children
and adult women from the 1999–2000 National Health and Nutrition
Examination Survey), the reference range that many commercial lab-
oratories use for blood mercury data substantially decreased. Physi-
cians may wish to consult their laboratories to verify the reference
range used by a particular laboratory because some laboratories sim-
ply report results as elevated or not.

Under circumstances of high exposure to mercury vapor (e.g., occu-
pational settings), blood inorganic mercury has been found to be ele-
vated and correlates closely with urinary mercury [e.g., data on chlor-
alkai workers—among others see Smith et al. (3)]. Blood mercury
concentrations for subjects having this exposure pattern were far
higher than generally observed in the general population of the United
States; i.e., �20–30 �g/L whole blood. Exposure to mercury vapor may
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occur non-occupationally during mercury spills or following ritualistic
use of mercury.

Urinary Mercury Concentrations

Urinary mercury concentration is usually expressed in �g/L. Fre-
quently mercury concentrations are creatinine adjusted. The half-
life of urinary excretion of mercury has been variably reported to
range from as short as 20 days to as long as 90 days (14). Based on
likely half-lives of 40-to-90 days, urinary mercury is an integrated
marker of exposure over previous months (14). Urinary mercury is
the preferred biomarker indicating exposure to inorganic mercury
and over time increases in response to exposure to low levels of
mercury vapor. Mercury concentrations in the urine will also in-
crease with exposures to other mercurials including phenylmercury.
Inorganic mercury can also arise from demethylation of methylmer-
cury. An increase in urinary inorganic mercury can be shown in
subjects with a high methylmercury intake (21,22). Kingman et al
(23) in their study of more than 1100 former Vietnam era military
personnel found more than 90% of urinary mercury was in the
inorganic form.

Hair Mercury Concentrations

Growth, morphology and histochemistry of human hair have been
reviewed in detail (24). As hair grows methylmercury is incorporated
into hair. There is a general view that hair grows at the rate of about
1 cm per month, although there is evidently substantial variability
around this value. Hair mercury analyses are complicated by the
problem that mercury can be deposited onto the hair from external
sources after it has been formed. Consequently data on hair mercury
has to be constantly questioned because of the risk of external contam-
ination.

Mercury that is actually incorporated into hair as it grows is pre-
dominantly methylmercury. The percent of total hair mercury that is
methylmercury has been reported to be 80% (25) to values ranging up
to 98% (26). Generally hair is thought to be 250 to 300 times more
concentrated in mercury than is blood (25,27). A far wider range of
individual values exists. For example, Dolbec et al. (26) reported hair-
to-blood ratios ranging between 81 and 624. The extent to which this
ratio is applicable across all age and ethnic/racial groups remains to be
confirmed.

Seidel et al. (28) have noted many problems with commercial labo-
ratories performing hair analyses for trace elements. Surface contam-
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ination of hair with mercury is a problem in interpreting hair mercury
data. Consequently with the availability of a reference range for the
United States population for blood mercury data many physicians are
turning to blood mercury as the preferred biomarker to indicate expo-
sure to organic mercury.

Inorganic mercury is not considered to be excreted in hair at typical
exposure levels, although inorganic mercury can be a surface contam-
inant on hair. Hair is not considered a good indicator of exposure to
mercury vapor (27) or to inorganic mercury (27).

Materials and Methods

Distribution of Blood Mercury and Hair Mercury in the United
States. In the United States the Centers for Disease Control con-

ducts the NHANES which provides medical examinations, biochemis-
try assessments for exposure to environmental contaminants, dietary
and medical histories, clinical chemistry profiles, and a large number
of other specialized tests to approximately 8,000 persons per year. This
survey is conducted in approximately 25 to 30 communities per year
which are selected using complex statistical procedures, so that when
statistically analyzed using appropriate population statistics, the data
can provide a profile that is representative of the Untied States as a
whole (7,8).

Among adult women of childbearing age (the ages used in this
survey were 16 years through 49 years) and young children (ages one
through six years) beginning with survey years 1999 and 2000, biomar-
kers of mercury exposure were measured. These included hair mercury
(total and inorganic), blood mercury (total and inorganic), and urinary
mercury (total only and adult women only). Organic mercury was
calculated by differences and chemical speciation of samples indicated
that the predominant chemical species was methylmercury (7,8). Al-
though adult men, children older than six years, and women older than
49 years were included among the NHANES examinees, mercury
measurements were not included for these age and gender groups
during the 1999 and 2000 survey years. Mercury measurements were
added for these groups beginning in 2003.

Results

Blood mercury concentration data for adult women who participated
in NHANES during the years 1999 and 2000 are shown in Table 1 and
Table 2 and organic blood mercury (i.e., methylmercury) data are

133MERCURY EXPOSURE: MEDICAL AND PUBLIC HEALTH ISSUES



shown in Table 3. Children in the 1-to-6-year age group have much
lower blood mercury levels than did the adult women. Their data are
not shown in this presentation. Hair mercury concentrations (29) are
shown in Table 4 for the adult women and children who were exam-
inees in the 1999 and 2000 NHANES.

TABLE 1
Distribution of blood total mercury data for women 16 through 49 years, NHANES 1999–

2000, by race/ethnic group [adapted from Mahaffey et al., (8)]

Sample
Persons

Geometric
Mean

95th CI 5th 50th 95th

Total 1,709 1.02 0.85–1.20 ND 0.94 7.13
Race/Ethnicity

Mexican American 579 0.82 0.68–0.96 0.11 0.84 3.91
Other Hispanic 124 1.16 0.77–1.55 ND 1.21 8.79
Non-Hispanic white 578 0.96 0.76–1.16 ND 0.86 7.08
Non-Hispanic black 364 1.35 1.08–1.61 ND 1.34 6.55
Other 64 1.37 0.35–2.28 ND 1.20 10.04

TABLE 2
Percentage of women 16–49 years of age with blood total mercury concentrations �g/L

above selected thresholds by race/ethnic group, 1999–2000 NHANES [adapted from
Mahaffey et al. (8)]

Sample
Persons

Percentage
�15.0 �g/L

Percentage
�5.8 �g/L

Percentage
�5.0 �g/L

Percentage
�3.5 �g/L

Total 1709 0.6 7.8 9.7 15.7
Race/Ethnicity

Mexican/American 579 0.3 2.0 2.7 6.1
Other Hispanic 124 2.0 5.8 5.9 16.4
Non-Hispanic white 578 0.1 7.8 10.0 15.3
Non-Hispanic black 364 1.3 7.0 9.5 16.6
Other 64 3.5 21.7 24.8 31.5

TABLE 3
Distribution of blood organic mercury (i.e. methylmercury) concentration, (�g/L) for women

aged 16 through 49 years by race/ethnic group, NHANES 1999–2000 (adapted from
Mahaffey et al. [(8)].

Sample
Persons

Geometric
Mean

95% CI 5th 50th 95th

Total 1707 0.80 ND 0.60 6.73
Race/Ethnicity

Mexican American 578 0.57 0.48–0.67 ND 0.44 3.42
Other Hispanic 123 0.97 0.65–1.29 ND 0.90 8.44
Non-Hispanic White 578 0.75 0.59–0.90 ND 0.48 6.68
Non-Hispanic black 364 1.01 0.78–1.24 ND 1.01 6.19
Other 64 1.06 0.18–1.34 ND 0.80 9.64
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Discussion

It is useful to place the results from the NHANES survey into a
broader context. This includes the following:

Additional Surveys of Adult Men

The largest study of men from the general population is that of
Kingman et al. (23) who analyzed urine and blood mercury concentra-
tions among 1127 Vietnam-era United States Air Force pilots (all men,
average age 53 years at the time of blood collection) for whom extensive
dental records were available. Blood values were determined for total
mercury, inorganic mercury and organic/methylmercury. The mean
total blood mercury concentrations were 3.1 �g/L with a range of “zero”
(i.e., detection limit of 0.2 �g/L) to 44 �g/L. Overall, 75% of total blood
mercury was present as organic or methylmercury. Less than 1% of the
variability in total blood mercury was attributable to variation in the
number and size of silver-mercury amalgam dental restorations. Di-
etary data on the former pilots were very limited, so typical patterns of
fish consumption were not reported.

Surveys from Individual States

Analyses of blood and hair samples for mercury indicate that some
geographic areas have much higher exposure to methylmercury than
have been identified (Table 5) to date in NHANES (23,30–37). The
upper end of this exposure distribution extends into concentrations
reported to be 50 �g/L to �90 �g/L for blood; hair values �10 ppm are
also reported. Based on these reports from case series, community and
state surveys, and medical practices, it is known that much higher
exposures to methylmercury in the United States than were docu-
mented among the 1999–2000 NHANES examinees have been re-
ported.

As physicians have become more aware of mercury as a health
concern for the general population, many more are ordering mercury
measurements on patients’ blood, hair and/or urine samples. As these
data are reported in the medical literature the magnitude of mercury
exposures among groups not typically considered at risk of elevated
exposure to methylmercury and/or inorganic will be better understood.
Groups having especially high fish consumption include persons living
in particular geographic locations (e.g., coastal and island popula-
tions), ethnic groups with food habits which prefer fish (e.g., Asian
populations), and life styles (e.g., affluent patients who have been
consuming a high-fish diet for promotion of cardiovascular health or
“fitness”). Table 5 summarizes reports describing groups more highly
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exposed to methylmercury. High exposure to inorganic mercury is
usually either occupational (e.g., dentists and dental technicians) or
result from some unusual practice. Subcultures within the United
States that may experience high inorganic mercury exposure include
persons with ritualistic use of mercury (38), persons using ayurvedic
herbal medicine products (39), or Asian traditional remedies (40),
cosmetics including skin-lightening creams (41), and persons with
“hobbies” that include heating inorganic mercury which forms mercury
vapor (6,18).

Where does the mercury exposure come from? A Brief
Description of Various Chemical Forms of Mercury and Their
Sources

Methylmercury

Methylmercury is bound to the amino acids in fish muscle and
cannot be removed by food preparation (e.g., skinning the fish) or
cooking techniques [including removing the visible fat, among other
reports see (42)]. Fish and shellfish are the dietary source of methyl-
mercury, although trace amounts of total mercury may be detected in
other dietary components [e.g., eggs, organ meats such as kidney (43),
or offal (44)]. The methylmercury concentration in fish is determined
by the feeding habits of the fish, the mercury concentration in the
tissues of its prey, the fish’s age, and place in the food chain. The
concentration of methylmercury in fish and shellfish species ranges
from �0.1 ppm for shellfish species to �1 ppm for high-end predatory
fish including ocean fish [such as tuna (45), marlin (46), and sharks
(47)] and certain freshwater fish [e.g., walleye and northern pike
(48,49)]. Consequently a person’s mercury intake depends on the spe-
cies of fish consumed, as well as the quantity of fish eaten.

Association between Blood Mercury Concentration and Frequency of
Fish Consumption

Dietary intakes of fish and shellfish vary enormously within the pop-
ulation of the United States (8). Based on NHANES data 9% of the
women of childbearing age consume fish or shellfish on a weekly basis
(8), and 3% of women consume fish daily (8). As part of the dietary history
questionnaire women who participated in NHANES were asked about
their past 24-hour and their monthly patterns of fish consumption. When
compared with their blood mercury concentrations, there is an associa-
tion between the frequency of fish consumption and whether they con-
sumed fish two or more times per week (Figure 2).
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Variation by Geographic Location

Some health departments in the United States (e.g., the states of
North Carolina, Louisiana, Florida) have begun to offer screening for
blood mercury to people who may be concerned that their mercury
exposures are elevated. For example, in Louisiana the State Office of
Public Health began offering to measure blood mercury levels and
reported screening values for 313 participants (32) whose blood values
ranged from �0.3 �g/L to 35 �g/L with 1.9% �20 �g/L. Higher values
were reported among commercial fishermen and their families. Blood
mercury values were twice as high among people who ate fish at least
once a week compared with people who ate fish twice a month or less.
Elevated blood mercury concentrations have been found among game-
fish consumer in Arkansas (30).

People who live in states and territories of the United States (among
others: Florida, Hawaii, Puerto Rico) who have geographic proximity to
a steady supply of fresh fish have a greater intake of methylmercury
than more inland populations. Based on year-long records of fish
consumption, residents of Florida were found to consume substantially
higher intakes of fish and shellfish than national averages (50). The
average intake of fish and shellfish reported for the Florida households
(50) was approximately equal to the 90th percentile intake for women
identified from 24-hour recall dietary intake data reported by women

FIG. 1. Organic/Methylmercury as a percent of total blood mercury vs. total blood
mercury [from Mahaffey et al. (8)].
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who participated in the 1999–2000 NHANES (8). These differences are
also seen in their blood mercury and hair mercury levels. For example,
Ortiz-Roque and Lopez-Rivera (36) investigated blood mercury concen-
trations and seafood consumption frequency among reproductive-age
women in two areas of Puerto-Rico. Overall-United States data from
NHANES indicated 30-day consumption of fish and shellfish at the
50th percentile was 1.54 meals (95% CI: 1.25–1.82) and at the 90th

percentile 10.81 meals (95% CI: 7.15–14.47) (7). Average Puerto Rico
total seafood consumption was 12.1 meals/30 days in NE Puerto Rico
and 21.2 meals/30 days in Vierques, an island municipality. That is to
say that average Puerto Rican fish and shellfish consumption was
higher than 90th percentile intake for the overall United States. The
percent of women whose mercury intake exceeded US EPA’s Reference
Dose (discussed below) was 6.6% in NE Puerto Rico and 26.8% in
Vieques. Among the Viequenses, three of the 41 women had hair
mercury concentrations �12 ppm which is the lower bound of the

FIG. 2. Blood mercury (total in �g/L) for adult women aged 16 to 49 years examinees
who participated in NHANES 1999/2000 by weekly fish consumption.
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benchmark dose for mercury, an effect level for adverse neurological
outcomes to the developing fetus (36).

Variation by Socio-Economic and Ethnic Characteristics

Other groups reported with high blood mercury concentrations
include well-educated, affluent professionals who have been consum-
ing diets high in fish in the view that such diets will be advantageous
to their health. Some of the highest blood mercury concentrations
(e.g., � 80 �g/L) have been reported among this group of patients
(35,37). For example, Hightower and Moore (35) reported blood mer-
cury concentrations from a private practice patient population in
San Francisco. From a total of 116 patients evaluated, 89% had blood
mercury concentrations �5 �g/L, and 16% had concentrations �20
�g/L. Following the 2003 publication, Hightower tested an addi-
tional 107 patients whose average blood mercury concentration was
21 �g/L. Saint-Phard et al. (37) reported a case series of patients
from the New York City area having elevated blood mercury (range
27 �g/L to 96 �g/L) associated with fish consumption who also had
neurological symptoms (i.e., including paresthesias of the extremi-
ties and/or electro-diagnostic evidence of sensori-motor peripheral
neuropathy). Additional clinic reporting elevated blood mercury con-
centrations associated with fish consumption include Kales and
Goldman (34) from New Haven.

In general, members of some minority groups eat fish more often
than the general population and eat larger amounts of fish. For exam-
ple, U.S. residents of Asian/Pacific Islander (51) and Caribbean Is-
lander (36) ethnicity and some Native American groups consume fish
at higher levels than other subpopulations in the US.

Exposures to Inorganic Mercury and non-Methyl-Organo-Mercurials

An alloy of silver, copper, tin, and 50% inorganic mercury has been
used in dental practices as a restorative material to fill teeth. Mercury
released from these amalgam fillings occurs in multiple forms: elemental
mercury vapor, metallic ions, and/or fine particles. Results indicate that
placement of mercury-containing amalgams in teeth result in an in-
creased body burden of mercury in body tissues (52,53). Barregard et al.
(54) and Francis et al., (55) indicate that individual variation in habits
can influence the amount of mercury released from mercury amalgams
including bruxism and gum chewing.

Other sources of inorganic mercury are numerous. Ingestion of
small quantities of elemental mercury is fairly common. For exam-
ple, nearly 3,000 cases of mercury exposure were reported to the
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American Association of Poison Control Centers Toxic Exposure
Surveillance System in 1996 (56). Elemental mercury may be delib-
erately ingested, as well as accidentally ingested. Elemental mer-
cury is part of various folk remedies, particularly for gastroenteritis
(57), and may produce medical complications depending on the quan-
tity ingested (58). Garvey et al. (40) estimate that 30% of the U.S.
population uses some form of homeopathic or alternative therapy.
Mercury is a frequent contaminant of Asian traditional remedies
(40) and ayurvedic herbal medicine products (39).

In various areas in the United States ethnic and folk uses of mercury
are associated with cultural practices known as “Santeria”, “Espirit-
ismo” and “voodoo”. Mercury in the form of metallic mercury (59) is
sold in botanicas, stores that specialize in selling “religious” items used
in Espiritismo, voodoo, and Santeria (60). A cluster of cases in New
York has been described in which vapors of metallic mercury from
mercury to be used in mercury-filled ampulets prepared for practitio-
ners of Santeria were the source of elevated urinary mercury levels
(59,61). The extent of this practice is not known.

Mercury is an ingredient in “beauty” and skin-lightening creams
or lotions manufactured worldwide. One product that has been well
described was found to contain between 6% and 10% (6,000 and
10,000 ppm) mercury by weight (41), was distributed across the
Mexican-US border, and was associated with an increased in urinary
excretion of inorganic mercury (62) to a level �100 �gL (reference
range: 0 to 20 �g/L) among users of this product which contained
“calomel” or mercurous chloride (63). Although in the United States
mercury compounds can only be legally used as preservatives in
eye-area cosmetics at concentrations not exceeding 65 ppm (63),
standards for production and regulation of cosmetic products vary
worldwide (41). Ingredients that are restricted in one country may be
entirely legal in another.

Occupational exposures can result in significant exposures to inor-
ganic mercury and mercury vapors. Occupations include dentists, den-
tal technicians, workers in chlor-alkali industries, miners, manufac-
turers of measuring devices, fluorescent lamp recyclers, and rarely
chemists and chemical laboratory technicians. Campbell et al. (64)
estimated that within the United States about 70,000 workers are
exposed annually to mercury.

Ethylmercury under the trade name thimerosal has been used as a
preservative in vaccines since the 1930s (65) and in biological products
(ophthalmic solutions, optic suspensions, creams) for at least a century.
Many vaccines contained thimerosal as a preservative. Thimerosal has
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been removed from a large number of vaccines (66). Mercury-containing
ingredients currently used in biologicals sold in the United States include
thimerosal, phenylmercuric acetate, phenylmercuric nitrate, mercuric
acetate, mercuric nitrate, merbromin, and mercuric oxide (�http://ww-
w.fda.gov/cder/fdama/mercury300.htm� accessed 5-15-2004). This infor-
mation was derived from submissions made in response to the Food and
Drug Administration’s Modernization Act of 1997 which required US
FDA to review the risks of all mercury-containing food and drugs. These
products include vaccines, ophthalmic solutions, nasal sprays, and im-
mune globulins. Phenylmercury compounds have been used in the past
as sanitizers and antifungal agents.

Reports of Elevated Biomarkers of Inorganic Mercury Exposure

Within the NHANES data a few subjects were identified who had
unusually high levels of blood inorganic mercury and urinary mer-
cury. Kingman et al. (23) reported mean total mercury in urine was
3.1 �g/L ranging from non-detectible to a maximum value of 35 �g/L.
Forty-seven percent of subjects had [Hg] �2 �g/L and 1.3% had
values �15 �g/L. Most (93%) of the urinary mercury was inorganic.

Adverse Health Effects Produced by Mercury Exposures

Methylmercury at high exposures is extremely well documented as a
human neurotoxin with effects mainly on the motor and sensory sys-
tems, especially in the area of sensory-motor integration. During the
1950s and 1960s, major epidemics of methylmercury poisoning in
Japan resulted in deaths and severe neurological damage, were caused
by consumption of seafood in Minamata, and freshwater fish in Niigata
(4). Domestic animals such as cats that consumed fish also developed
neurological problems. Epidemics of methylmercury poisoning result-
ing from consumption of methylmercury used as a fungicide on grain
occurred in Iraq in the 1960s and 1970s (5). These epidemics, and a
number of case reports, including one from the United States provide
the strongest possible evidence linking exposure to methylmercury
with human fatalities and neurological disease.

Neurological Effects in Adults

Methlymercury’s effects of the nervous system follow a sharp dose-
response curve. Adult neurological effects have been used in establish-
ing limits aimed at protecting the public’s health. The development of
paresthesia has been considered to be the most sensitive neurological
effect of methylmercury exposure among adults (25). Blood mercury
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concentrations of 200 �g/L were judged to WHO (25) to be associated
with a 5% prevalence of paresthesias in the adult population based on
data from the Iraqi poisoning outbreak (5). Until the past few years,
such changes were thought to occur when mercury concentrations in
hair were �50 ppm. More recently adverse effects on neuromotor
function and visual contrast sensitivity have been reported among
adults whose hair mercury concentrations were lower than 50 ppm
(67–69). Saint-Phard et al. (37) identified paresthesias among adults
whose methylmercury exposure produced blood mercury concentra-
tions in the range of 34 to 97 �g/L, however, the diagnosis was based
on far more sophisticated diagnostic methods than were available in
Iraq in the 1960s. Cree subjects from Northern Quebec with chronic
exposure to methylmercury have been found to have altered eye move-
ments (pursuit, fixation, and dynamic saccades) and altered accuracy
and sharpness of prompted saccades (68). Among adults living in
fishing villages, hair mercury exposures over the range of 0.56 to 13.6
ppm (mean 4.2 � 2.4 ppm) were associated with detectable alterations
in performance on tests of fine motor speed and dexterity, and concen-
tration (69). Verbal learning and memory were also disrupted by
mercury exposures suggesting that adults exposed to methylmercury
in this range may be at risk for deficit in neurocognitive function (69).
These newer data suggest effects below that previously considered the
threshold for clinical effects among adults.

Developmental Neurological Effects

Following the birth in Japan of severely damaged infants to moth-
ers who themselves had minimal symptoms of methylmercury poi-
soning, the increased sensitivity of the fetus was recognized (25,70).
The fetal nervous system is currently considered to be the organ
system most vulnerable to the effects of methylmercury. Epidemiol-
ogy data associated changes in children’s blood pressure (72) with
maternal hair mercury levels �10 ppm suggest health outcomes in
addition to delays in neurological development may be used in set-
ting standards aimed at protecting public health (such as EPA’s
Reference Dose). The developing fetal nervous system had been
judged to be five to ten times more sensitive to methylmercury than
the adult nervous system (25,71). Government recommendations on
methylmercury exposure (e.g., guidance on fish consumption, regu-
lations regarding release of mercury into water, power plant mer-
cury emissions) are based on protection of the fetal nervous system.
Although the dose of methylmercury regarded as “safe” varies with
specific recommendations, there is a consensus that at high expo-
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sures the developing nervous system can be disastrously damaged
and that fetuses are more sensitive to methylmercury than adults.
Currently it is thought that adverse effects can be identified in the
child when the pregnant woman’s exposures result in maternal hair
concentrations between approximately 5 ppm for subtle developmen-
tal changes (72) to a range of 10 ppm to 20 ppm for clinically obvious
changes such as delayed walking (25).

The basis for US EPA’s recommendations on health consequences of
exposure to methylmercury begins with the evaluation by the Com-
mittee on Toxicology of Methylmercury (73) of the National Research
Council of the National Academy of Sciences and by the United States
Environmental Protection Agency (74). In 2000, this NAS Committee
recommended a benchmark dose level of 58 �g/L in cord blood based on
adverse developmental effects in young children following in utero
methylmercury exposure and an Uncertainty Factor (UF) of 10. The
benchmark dose is the lower 95% confidence internal (CI) on an esti-
mated dose that doubles the prevalence of children with scores on a
test of intellectual development that would fall into the clinically
subnormal range (73). The U.S. EPA subsequently adopted these rec-
ommendations and expanded consideration to multiple studies on the
impact of in utero methylmercury exposure to multiple tests of children
from the Faroese, New Zealand, and Seychelles cohorts (74). The NRC
Committee recommended and the U.S. EPA adopted the use of a UF of
10 to calculate an RfD corresponding to a concentration of 5.8 �g/L Hg
in cord blood. At the time of these recommendations, the UF of 10 had
been based on the assumption of a 1:1 ratio of cord blood mercury to
maternal blood mercury.

BENCHMARK DOSE LOWER LIMIT FOR METHYLMERCURY (BMDL)
(8)

BMDL for methylmercury is the dose that doubles the prevalence of scores in the clinically
subnormal range on standardized tests of neuropsychological functioning.

The BMDL is associated with blood mercury concentrations.

● BMDL [Hg] associated with 58 �g/L in cord blood. Approximately equal to
35 �g/L to 38 �g/L in maternal blood.

● BMDL divided by Uncertainty Factor (UF) equals the Reference Dose (RfD).
● UF of 10 deals with human variability in kinetics and tissue sensitivity to

methylmercury, target organs other than the nervous system (e.g.,
cardiac, immune, endocrine).

● RfD associated with hair mercury of 1 ppm and cord blood [Hg] of 5.8 �g/L.
● Cord blood [Hg] is on average 70% higher than adult woman’s blood [Hg].

Adult women’s blood [Hg] of �3.5 �g/L.
● RfD associated with maternal or adult women’s blood [Hg] of �3.5
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More recent evaluations (75), as well as additional data from subse-
quent studies of mother-newborn pairs (20,76) indicate that cord blood
is, on average approximately 70% higher in mercury concentration
than is maternal blood. Assuming the ratio of 1.7:1.0 and calculating
the average blood total mercury concentration that is associated with
the benchmark dose lower limit and RfD (using the same UF of 10)
suggests that a blood total mercury level �3.5 �g/L may be associated
with increased risk to the developing fetal nervous system. The RfD
established in 2000 was based on use of a UF of 10 and the assumption
that the cord to maternal blood ratio was 1:1 (74,77).

Recognizing that methylmercury is concentrated across the placenta
suggests that mercury concentrations expressing risk to the fetus
based on cord blood mercury cannot be directly applied maternal blood
mercury concentrations. Expressing this as a simple ratio of 1.7:1.0 a
BMDL based on cord blood of 58 �g/L is associated with a maternal
blood mercury concentration of 35 �g/L. The pregnant subjects within
the NHANES survey showed a 10% difference in hemoglobin and
hematocrit compared with nonpregnant participants indicating that
the ratio of cord blood to adult nonpregnant women’s blood may be
more likely to be 1.7:1.1 than 1.7:1.0 and associated with blood total
mercury concentration ratio of 5.8 �g/L to 3.8 �g/L, rather than 5.8
�g/L to 3.5 �g/L. These blood mercury concentrations are associated
with exposure to mercury at the RFD.

Estimating Newborn Mercury Exposures

Based on National Vital Statistics Reports (78), in 2000 the number
of births in the U.S. population was just over four million (specifically,
4,058,814). Applying the overall population estimate for adult women
of 7.8% (95% CI, 5.0–10.5) of women 16–49 years had blood total
mercury at 5.8 �g/L or higher resulted in more than 300,000 newborns
per year with in utero mercury exposures associated with increased
risk of adverse neurodevelopmental effects. If the value 3.5 �g/L is
used which reflects the adult women’s blood mercury associated with
exposure to methylmercury at or above the RfD of 0.1 �g/kg-bw/day,
overall 15.7% of women had total blood mercury concentrations at or
higher than this concentration. Using this estimate more than 600,000
newborns per year experience in utero mercury exposures associated
with increased risk of adverse neurodevelopmental effects.

Subsequent years of NHANES data (2001 and 2002) have suggested
somewhat lower blood mercury concentrations than were reported in
1999 and 2000 (79). As additional years of data are obtained there will
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be greater certainty in the national estimates. All in all these data
indicate, nonetheless, that several hundred thousand infants are born
each year with in utero exposures to methylmercury exceeding those
considered to be free of risk from adverse neurodevelopmental effects.

As indicated above NHANES data did not identify groups with the
highest mercury exposures within the United States based on either
hair or blood mercury concentrations. Within the case series data from
affluent populations in New York and San Francisco consuming fish
frequently for “health” reasons, blood mercury concentrations in excess
of the benchmark dose have been identified (35,37). Dietary exposures
to mercury at the BMDL, if expressed in terms of the adult woman’s
blood, are associated with a concentration of approximately 35 �g/L
whole blood. Such mercury exposures have also been reported in island
populations as shown by blood mercury and hair mercury levels
[Puerto Rico (36); and Bermuda (80)]. Asian populations are also at
increased risk because of higher than average fish and shellfish con-
sumption (51). Within the NHANES data for 1999–2000 the group
classified as “Other race/ethnicity group” which includes Asians, Na-
tive Americans/persons of Caribbean and Pacific Island ancestry rose
to 31.5% compared with 15.7% having blood total mercury greater than
3.5 �g/L (8).

Non-Neurological Risks of Methylmercury Exposure for
Adults

In addition to neurological damage produced by methylmercury
exposure, other organ systems appear to be adversely affected by
exposure to methylmercury: cardiac, endocrine, and immune. Car-
diac changes identified initially in an longitudinal prospective epi-
demiological study among Eastern Finnish men include increases in
carotid atherosclerosis, myocardial infarction, and death in men as a
function of increased hair mercury (81–83). Similar findings have
also been observed in a multi-center study carried out in Europe and
Israel in which Guallar et al. (84) reported a significant association
between mercury body burden and the risk of myocardial infarction
in men after controlling for levels of fatty acids in fish. What initially
appeared to be contrasting results were reported by Yoshizawa et al.
(85) in a population of male health professionals that included a
large portion of dentists who experienced exposure to inorganic
mercury as well as to methylmercury. Initially adverse effects were
not identified based on total mercury levels in this population, how-
ever, when the predominately methylmercury-exposed group was
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assessed separate from the dentists, a trend toward adverse effects
of mercury on cardiovascular endpoints was identified. This trend
was, however, nonsignificant because of the reduced number of sub-
jects.

Cardiac effects in men and women (separate from the maternal-fetal
pair) have not been included in risk assessments for methylmercury.
This is an area of active interest, as are other organ systems including
endocrine, immune, and reproductive effects. The recommendations
that fish and shellfish be consumed two or more times per week has
been related to the omega-3 fatty acid content of some species of fish
(12). There is little connection between the concentration of mercury in
a particular fish species and the level of omega-3 fatty acids in the fish
species (12). For example, shark and swordfish frequently contain
more than 1 ppm of methylmercury and are low in omega-3 fatty acids
compared with other fish species. Fish species including herring,
salmon, and trout, as well as shellfish such as shrimp, are compara-
tively low in mercury (i.e., �0.1 ppm or less) and far higher in omega-3
fatty acids than are shark and swordfish (12). Consequently careful
choice of fish and shellfish species can provide fish and shellfish selec-
tions that are good sources of omega-3 fatty acids while limiting expo-
sures to methylmercury.

Methylmercury exposure also adversely affects other organ systems.
In the human mercury exposure is reported to adversely affect the
endocrine system, interferes with reproduction, and alters the immune
system.

Summary

Environmental fate and transport of mercury and its incorporation
through the food web to bioconcentrate as methylmercury in fish and
shellfish is well recognized and understood. Data from the National
Health and Nutrition Examination Survey providing population es-
timates for the United States as a whole is altering the reference
range for blood, hair, and urinary mercury concentrations. Esti-
mates on the number of newborns at risk of in utero exposures to
methylmercury above levels regarded as “safe” number in the sev-
eral hundred thousand each year in the United States. Case reports
and screening among highly exposed subpopulations have identified
persons with exposures in a range associated with adverse clinical
effects. The source of methylmercury producing these effects is con-
sumption of fish and shellfish. Monitoring exposures through mea-
surement of patients’ blood, hair, and urinary mercury concentra-
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tions allows physicians to determine what steps need to be taken to
reduce the patient’s risk. The American Medical Association adopted
a policy statement (9) providing guidance on this issue in 2004.
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DISCUSSION
Limacher, Gainesville: Thanks for very much for this information. I wonder why

there’s so much species variation in the content of mercury. If they’re all fished from the
same area, what determines the mercury content in the fish?

Mahaffey, Washington: Basically it’s the eating habits of the fish and the concen-
tration of mercury in the food the fish eats. There are piscivorous fish that consume other
fish as part or all of their diet. Each time they consume another fish, all of the
methylmercury that was present in the fish that the larger fish consumes is retained by
the larger fish. This is referred to as bioaccumulation. Fish species that are very high in
the food chain such as sharks, swordfish, tuna, the king mackerel are among the highest
in methylmercury concentration. There are usually four or five layers in the food chain,
so that all the mercury that was in the fish that came before them has been accumulated
into these high pelagic fish.

Stevenson, Stanford: Kate, that was really wonderful presentation. You have rein-
forced the same effect as my daughter, a marine biologist, had on my eating behavior. I
now eat less fish and more beef. However, this is very complex. I have one question that
I want to ask you. There were questions before this about the differences in the fish and
their eating habits. Why is it that we have an accumulation of mercury in the fetus? Do
we understand why that happens?
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Mahaffey: We actually think the reason for this is the mercury is bound to carrier
proteins and transported on the amino acid carriers that transport the amino acids
across the placenta to the fetus. For this reason, the blood reaching the fetus contains (at
the mean) a 70% higher concentration of methylmercury than did the maternal blood.
The 70% higher value is the mean of the distribution. The cord blood:maternal blood
mercury concentration is approximately 300% higher (i.e., 3:1) at the 95th percentile and
drops down to just under 1:1 at around the 5th percentile. This means that for about 5 in
100 newborns their in utero exposures to methylmercury are approximately three-times
higher than that shown by their mother’s blood mercury concentrations. Currently we
have no way of knowing which women are the ones who will transport methylmercury
across the placenta at this accelerated rate.

Stevenson: Can you speculate about how we might block that phenomenon once we
identify a woman with such a problem?

Mahaffey: No, because the essential amino acids are needed. The real way to deal
with this is environmental controls over the amount of mercury that reaches the fish,
and the only way really to reduce this in the interim by selection of the kinds of fish
people eat. There is a major effort in advisory work, but at the same time for populations
who have a relatively limited choice in the kinds of fish that they have accessed to; these
advisories are not particularly helpful solutions.

Billings, Baton Rouge: I read recently in an article by Murray Carpenter that loons
have one the higher levels of mercury. I wonder if that has anything to do with “crazy as
a loon,” as it used to have to do with “mad as a hatter.”

Mahaffey: I don’t know the source of the “crazy as a loon” expression, but one of the
things that we’ve come to realize; years ago when mercury was added as a fungicide to
seed grains, when they would distribute this grain the birds would eat some of the grains
and die. And when we were working on the United States Environmental Protection
Agency’s Mercury Study Report to Congress back in the mid-1990s, one of the questions
became ‘why aren’t we seeing dead birds?’ If the fish are contaminated and the birds are
eating the fish, then the question was ‘why aren’t there more dead birds?’ Well, the fish
don’t seem to get quite the high level that actually kills the birds, but at these lower
levels because of endocrine effects, mercury impairs reproduction of the birds. More
recently we are seeing data that show that mercury impairs reproduction of the fish.
Taken together, these data show that there are substantial effects of mercury on those
fish and birds and are these effects are only beginning to be described. So this is an area
where we will see a lot more and as a group with Climatological interests certainly, I
think this is one that will be of increasing interest.

154 KATHRYN R. MAHAFFEY


